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HIGHLIGHTS 


►  A  novel  concept  to  extend  the  pho¬ 
toanodes  lifetime  is  studied  and 
characterized. 

►  Voc  and  dye  adsorption  are 

enhanced  under  multiple  dye 

adsorption/desorption  process. 

►  The  dyeing  kinetics  is  faster  after 
multiple  recycling  processes. 
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In  this  study,  we  propose  a  novel  concept  of  extending  the  lifetime  of  dye-sensitized  solar  cells  (DSCs) 
and  reducing  the  costs  of  re-conditioning  DSCs  by  recycling  the  FT0/Ti02  substrates.  The  photovoltaic 
performances  of  DSCs  using  substrates  with  various  cycles  of  dye  uptake  and  rinse  off  history  are  tested. 
The  results  show  that  dye  adsorption  and  V0c  are  significantly  increased  under  multiple  dye  adsorption / 
desorption  process  and  resulted  in  the  improvement  of  power  conversion  efficiency.  Moreover,  the 
dyeing  kinetics  is  faster  after  multiple  recycling  processes,  which  is  favorable  for  the  industrial  appli¬ 
cation.  With  surface  analysis  and  charge  transport  characteristics,  we  also  demonstrate  the  optimal 
functionality  of  TiC^/dye  interface  for  the  improved  V0c  and  efficiency.  The  results  confirm  that  the 
improved  performances  are  due  to  increased  dye  loading  and  dense  packing  of  dye  molecules.  Our 
results  are  beneficial  for  the  understanding  on  the  extension  of  DSCs  lifetime  after  long-term  operation 
in  the  application  of  DSC  modules.  This  approach  may  also  be  applied  in  the  replacement  of  newly 
synthesized  photosensitizes  to  the  active  cells. 
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1.  Introduction 

Dye-sensitized  solar  cells  (DSCs)  with  a  nanocrystalline  struc¬ 
ture  were  first  introduced  by  O’Regan  and  Gratzel  in  1991  [1  ].  Since 
then,  the  majority  of  DSC  research  has  focused  on  improving  the 
light-to-electricity  conversion  efficiency.  Recently,  the  efficiency  of 
DSCs  has  achieved  12.3%  with  the  combination  of  co-sensitization 
and  a  cobalt-complex  redox  mediator  having  more  positive  redox 
potential  than  P/I3  [2].  For  a  high  efficiency  and  stable  DSC,  it  is 
essential  to  have  a  robust  nanoparticle/dye  interface  which 
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generates  and  separates  charge  efficiently  with  good  control  in 
retarding  charge  recombination  [3].  Thus,  a  number  of  studies  have 
modified  the  nanoparticle  surface  using  techniques  such  as  oxygen 
plasma  treatment  for  enhanced  light  harvesting  [4,5]  and  wide- 
bandgap  metal  oxide  treatment  for  blocking  of  recombination 
[6,7].  In  addition,  controlling  the  dye  adsorption  rate  and  packing 
density  on  the  mesoporous  titania  network  is  also  an  important 
issue  to  increase  the  light  harvesting  efficiency  (LHE).  Bazzan  et  al. 
have  demonstrated  a  methodology  to  manipulate  and  optimize 
a  saturation  limit  in  dye  uptake  at  TiC^  surface  using  desorption/ 
adsorption  cycling  process  [8].  However,  DSCs  must  have  long-term 
stability  and  retain  its  functioning  after  millions  of  times  of  turn¬ 
over  for  the  catalytic  cycle  (excitation,  charge  injection  and 
regeneration)  for  practical  use  [9—11].  In  real  application,  mainte¬ 
nance  of  DSC  modules  may  be  necessary  in  case  that  the  sealant  is 
deteriorated,  [9,12,13]  induces  electrolyte  leakage  and  dye  mole¬ 
cules  desorbs  from  the  titanium  oxide  (TiCh)  surface  caused  by  H2O 
permeation  from  the  atmosphere  after  long-term  exposure  to  full 
sunlight  [14].  Furthermore,  transparent  conductive  electrode  (TCO) 
which  is  an  energy  demanding  material  during  its  processing  is 
expensive  and  responsible  for  a  major  part  of  a  module’s  cost 
[15,16].  It  is  of  practical  interests  if  the  dye  and  electrolyte  can  be 
refilled  into  the  dead  module  without  discarding  the  FTO  substrate 
(with  titania  porous  layer).  Thus,  it  is  important  to  evaluate  the 
feasibility  of  recycling  the  FT0/Ti02  substrate  after  multiple  dye 
adsorption  and  desorption  process.  Based  on  the  above  consider¬ 
ations  to  extend  the  DSCs  module  lifetime  after  multiple  dyes 
desorption/adsorption  cycling,  it  is  the  purpose  of  this  work  to 
conduct  a  series  of  experiments  to  examine  this  novel  concept  for 
the  reuse  of  aged  DSCs  modules’  FTO/TiC^  substrates. 

In  this  work,  we  show  not  only  the  improved  efficiency  but  also 
the  faster  dye  uptaking  processes  with  increased  dye  adsorption 
after  multiple  DSC  life  cycles.  We  also  demonstrate  a  possibility  of 
extending  the  photoanodes  lifetime,  three  times  of  the  original  one, 
after  multiple  cycles  of  dye  desorption/adsorption.  In  addition,  it  is 
important  to  carry  out  the  phenomenon  occurred  at  the  interface 
between  TiC^  and  dye  under  multiple  desorption/adsorption 
process.  Thus,  we  characterize  the  functionality  of  TiC^/dye  inter¬ 
face  with  UV-vis  spectroscopy,  attenuated  total  reflectance— 
Fourier  transform  infrared  spectroscopy  (ATR-FTIR),  photovoltage 
and  photocurrent  transients,  and  electrochemical  impedance.  Our 
results  suggest  that  reusing  the  FT0/Ti02  substrate  after  multiple 
dye  desorption/adsorption  cycling  is  feasible  and  replacement  of 
newly  synthesized  photosensitizes  is  another  beneficial  aspect  of 
practical  utilization.  This  concept  is  particularly  important  in  the 
retrieving  of  the  aged  DSC  modules  under  harsh  outdoor  use. 

2.  Experimental  procedure 

2.1.  Materials 

Ti02  paste  (ETERDSC  Ti-2105)  was  provided  from  ETERNAL 
CHEMICAL  CO.,  LTD.  Ru  dye,  ds-bis(isothiocyanato)  bis(2,2'-bipyr- 
idyl-4,4'-dicarboxylato)-ruthenium(II)  bis-tetrabutylammonium 
(RuL2(NCS)2-2TBA,  also  known  as  N719),  and  fluorine-doped  Sn02 
conductive  glass  (FTO,  10  Q  square-1)  were  purchased  from  Solar- 
onix  and  Nippon  Sheet  Glass  (NSG),  respectively.  Sodium  hydroxide 
(NaOH)  was  purchased  from  Merck. 

2.2.  Fabrication  of  DSCs 

Dye-sensitized  solar  cells  were  fabricated  using  the  following 
procedure.  The  Ti02  paste  was  cast  onto  the  FTO  substrate  by  the 
screen-printing  method,  followed  by  sintering  at  500  °C  for  30  min 
in  air  to  obtain  a  transparent  Ti02  photoelectrode  with  the 


thickness  of  5  pm.  The  mesoporous  Ti02  photoelectrode  was 
immersed  in  0.5  mM  N719  solution  in  acetonitrile  and  tert-butanol 
(volume  ratio  1:1)  for  18  h  to  complete  the  sensitizer  loading.  The 
cells  were  assembled  by  dropping  an  electrolyte  containing  0.1  M 
I2,  0.6  M  1 -propyl-3 -methyhmidazolium  iodide  (PMII),  0.1  M  Lil, 
and  0.5  M  tert-butylpyridine  in  3-methoxypropionitrile  onto  the 
substrate.  A  platinum  sheet  was  used  as  a  counter  electrode.  This 
device  is  called  as  1st  life  cycle  and  denoted  with  abbreviated  LC1, 
as  shown  in  Fig.  1.  For  the  desorption  of  N719  dye  molecules  from 
the  Ti02/FTO  substrate,  the  Pt  sheet  is  peeled  from  the  device,  and 
the  LC1  were  immersed  in  NaOH  [17—19]  solutions  of  0.1  M  in 
a  mixture  of  ethanol  and  deionized  (DI)  water  with  a  1:1  volume 
ratio  for  2  h.  Afterwards,  the  bare  substrates  were  immersed  in 
N719  solution  and  assembled  again  for  the  2nd  life  cycle  (LC2).  The 
LC3  and  LC4  were  repeated  with  the  same  procedure. 

2.3.  Characterization 

The  devices  were  characterized  by  a  Keithley  2400  sourcemeter 
using  a  mask  with  an  aperture  area  of  0.09  cm2  under  standard  AM 
1.5G-filtered  irradiation  (100  mW  cm-2)  from  an  Oriel  91160A 
300  W  solar  simulator.  The  spectral-mismatch  factor  of  the  simu¬ 
lated  solar  irradiance  was  corrected  by  a  Schott  visible-color  glass- 
filtered  (KG 5  color  filter)  Si  diode  (Hamamatsu  S1133)  [20].  The 
UV-vis  spectra  were  measured  by  a  spectrometer  (U-4100,  Hita¬ 
chi).  The  contact  angles  were  measured  with  an  FACE  contact  angle 
meter  (Kyowa  Kaimen  Kagaku  Co.).  The  ATR— FTIR  spectrum  was 
measured  using  a  Vertex  70  FTIR  spectrometer  (Bruker)  with  the 
Golden  Gate  diamond  single-reflection  ATR  accessory  (Specac).  The 
electrochemical  impedance  measurements  were  recorded  on  an 
Eco-Chimie  Autolab  PGSTAT  30  with  the  frequency  response  ana¬ 
lyser  (FRA)  2  module  at  a  sinusoidal  perturbation  amplitude  of 
10  mV  under  dark  conditions  at  -0.68  V  in  the  frequency  range  of 
10  m-100  kHz.  The  photovoltage  and  photocurrent  transients  were 
observed  using  an  array  of  white  (10  W)  and  red  (3  W)  light 
emitting  diodes  (LEDs,  Cree  XLamp).  While  a  white  bias  light 
supplied  by  white  LEDs  incidented  into  the  sample,  a  small 
perturbation  is  superimposed  by  a  pulse  generated  by  red  LEDs.  The 
pulse  width  was  500  ms.  The  recombination  lifetime  was  extracted 
by  fitting  the  photovoltage  decays  at  various  background  white 
light  intensities  under  open-circuit  condition.  The  capacitance  is 
calculated  from  the  following  equation  as  C  =  A  QJ  A  V,  where  A  V  is 
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Fig.  1.  Schematic  illustrations  for  multiple  life  cycles  on  DSCs. 
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the  peak  height  of  transient  photovoltage  increment  from  the  pulse 
and  A  Q.  is  the  number  of  collected  electrons  (with  the  same  red 
pulse  intensity)  integrated  by  the  photocurrent  decay  under  short- 
circuit  condition.  The  similar  measurements  were  presented  else¬ 
where  [21,22]. 

3.  Results  and  discussion 

3.1.  Reliability  of  the  DSCs  under  multiple  life  cycles 

Fig.  2  shows  the  current— voltage  (J—V)  characteristic  curves  of 
the  LC1,  LC2,  LC3  and  LC4.  Table  1  and  Table  SI  show  their  detailed 
photovoltaic  parameters.  LC1  has  V0c  of  0.68  VJSC  of  12.65  mA  cm-2, 
FF  of  0.73,  and  p  of  6.28%.  However,  the  LC2  has  a  higher  power 
conversion  efficiency  of  6.75%,  which  is  7.4%  higher  than  LC1 
because  of  its  enhanced  V0c  of  0.72  V  and  Jsc  of  13.24  mA  cirr2.  LC3 
has  V0c  and  Jsc  values  of  0.74  V  and  12.26  mA  cm-2,  respectively, 
with  FFof  0.71  and  rj  of  6.52%.  It  is  noted  that  although  Jsc  for  LC3  is 
lower  than  that  of  LC1,  V0c  and  tj  are  higher.  LC4  shows  poor 
performance  compared  with  LC1,  which  may  be  ascribed  to  poor 
electron  transport  that  resulted  from  the  damages  on  the  TiC^ 
surface  during  multiple  desorption  processes.  Accordingly,  the 
multiple  adsorption-desorption  results  demonstrated  that  FTO/ 
Ti02  substrate  can  survive  after  manifold  dye  uptake  cycles.  More 
encouragingly,  the  photovoltaic  activity  remained  vigorous  with 
improvement  in  power  conversion  efficiency  under  practical 
operation.  In  order  to  understand  the  reason  for  the  increased  in  V0c 
and  JSc,  we  will  discuss  the  detail  in  the  following  section. 

3.2.  Variation  of  dye  uptake  concentration  on  Ti02  surface  under 
multiple  life  cycles 

Fig.  3  shows  the  UV-vis  absorption  spectra  of  the  dyed 
Ti02  films  after  various  life  cycles.  The  spectrum  of  the  1st  washed 
off  which  is  desorbed  with  sodium  hydroxide  (NaOH)  solutions 
[14-16]  for  2  h  is  also  included  for  comparison.  In  Fig.  3,  the 
maximum  absorption  peak  for  LC1  is  around  450-550  nm,  which 
corresponds  to  the  metal-to-ligand  charge-transfer  (MLCT)  transi¬ 
tion  [18].  The  MLCT  band  of  LC1  was  completely  disappeared 
after  immersing  in  NaOH  solutions.  The  above  results  were  also 
true  with  the  desorption  process  of  LC2  and  LC3  (as  shown  in  Fig.  1 ). 
This  observation  suggests  the  total  removal  of  the  dye  molecules  on 
Ti02/FTO  substrates  by  NaOH  solutions.  However,  it  is  worthy  to 
note  that  a  significant  increase  of  MLCT  band  for  multiple  life  cycles 
using  NaOH  solution  as  desorption  agent,  indicating  increased  dye 
adsorption  on  the  Ti02  film  for  LC2  and  LC3.  The  overall  integral  of 
the  absorption  intensity  for  N719  dye  molecules  on  LC2  and  LC3 


Fig.  2.  J—V  characteristic  curves  of  (O)  1st  life  cycle,  (□)  2nd  life  cycle,  (O)  3rd  life 
cycle,  and  ( A )  4th  life  cycles  under  the  AM  1.5G,  100  mW  cm-2  illumination. 


Table  1 

The  photovoltaic  performance  of  DSCs  for  multiple  life  cycles. 


Device 

Voc  [V] 

Jsc  [mA  cm  2] 

FF 

V[%] 

1st  life  cycle  (LC1) 

0.68 

12.65 

0.73 

6.28 

2nd  life  cycle  (LC2) 

0.72 

13.24 

0.71 

6.75 

3rd  life  cycle  (LC3) 

0.74 

12.26 

0.71 

6.52 

4th  life  cycle  (LC4) 

0.74 

10.94 

0.70 

5.66 

was  enhanced  respectively  by  42%  and  24%  as  compared  to  that  of 
LC1.  To  verify  that  the  adsorption  of  dye  molecules  was  increased 
for  multiple  life  cycles,  the  number  of  adsorbed  dye  molecules  for 
LC1  and  LC2  was  calculated  by  desorbing  the  dye  molecules  from 
the  Ti02  surface  and  measuring  the  absorption  spectra  in  Figure  SI 
in  the  supplementary  data.  The  adsorbed  N719  dye  molecules 
dissolved  in  solution  from  LC2  were  found  to  be  increased  by  40% 
compared  to  that  of  LC1.  The  increase  in  dye  absorption  of  LC2  may 
result  in  improved  Jsc  upon  multiple  life  cycles  if  the  sensitizers  are 
chemically  adsorbed  and  can  effectively  inject  light  induced 
electrons. 

The  ATR— FTIR  spectra  of  N719  powder,  LC1,  and  LC2  is  shown  in 
Figure  S2  in  the  supplementary  data.  The  peaks  located  at  1354  cm  1 
and  1611  cm-1  for  N719  powder  were  attributed  to  usym(COCr)  and 
Uasym(COCT)  stretching,  respectively  [23-25].  When  N719  dye 
molecules  adsorbed  onto  the  TiCh  surface  via  a  bidentate  or  bridging 
linkage,  the  interaction  between  dye  molecules  with  Ti02  causes 
a  shift  in  usym(COCr)  and  Vasym(COCT)  [25]  stretching  to  1373  cm'1 
and  1601  cm-1,  respectively,  for  LC1  and  LC2.  Additionally,  the  peak 
located  at  1714  cm-1  (related  to  C=0  stretching)  observed  for  N719 
powder  was  absent  for  the  dyes  on  film  samples.  These  results 
suggest  that  most  N719  dye  molecules  were  chemically  adsorbed  or 
anchored  onto  LC1  and  LC2.  The  enhanced  adsorption  of  N719  dye 
molecules  on  LC2  evidenced  by  the  UV— vis  spectrum  corresponding 
in  Fig.  3  can  be  attributed  to  denser  coverage  (chemical  adsorption) 
of  N719  dye  molecules  on  the  Ti02  surface  for  efficient  electron 
injection  and  back  reaction  suppression.  The  aggregation  of  dye 
molecules  (physical  adsorption)  had  a  negligible  influence  on 
absorbance. 


3.3.  Wetting  behavior  of  increased  dye  adsorption  on  Ti02  and  the 
dyeing  kinetics  under  multiple  life  cycles 

As  noted  above,  dye  attachment  to  the  TiC^  surface  obviously 
increased  after  multiple  life  cycles.  The  enhanced  dye  loading  may 
have  resulted  from  the  Ti02  surface  becoming  more  hydrophilic 
[4,26].  The  insets  of  Fig.  4(a)  and  (b)  show  the  contact  angle 


Fig.  3.  UV-vis  absorption  spectra  of  (O)  1st  life  cycle  and  (A)  the  corresponding 
sample  desorbed  with  NaOH,  ( □ )  2nd  life  cycle,  ( O )  3rd  life  cycle. 
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measurements  of  water  drops  on  LC1  before  dye  adsorption 
(substrate  1)  and  after  dye  desorption  (substrate  2),  respectively. 
The  contact  angle  of  water  on  substrate  1  is  32°,  and  that  of  water 
on  substrate  2  is  below  10°.  The  significant  change  in  the  contact 
angle  indicates  that  the  Ti02  surface  becomes  very  hydrophilic 
after  desorption  of  dye  in  NaOH  solution.  Since  the  anchoring 
groups  (-COOH)  of  N719  dye  are  also  hydrophilic,  the  hydrophilic 
Ti02  surface  facilitates  the  interaction  of  N719  dye  molecules  with 
Ti02  [26].  The  TiC^  surface  may  have  become  more  hydrophilic  due 
to  a  change  in  surface  chemistry.  It  is  well  known  that  proton 
adsorption  or  desorption  on  the  Ti02  surface  will  shift  the  band 
edge  positions  [27,28].  After  the  desorption  process,  the  surface  of 
Ti02  becomes  deprotonated  and  negatively  charged.  In  other 
words,  the  Ti02  band  edge  tends  to  shift  negatively  in  potential 
which  is  beneficial  for  voltage  output. 


400  500  600  700  800 


Wavelength  (nm) 


Time  (hr) 


Fig.  4.  The  absorption  variation  versus  the  dipping  time  for  (a)  1st  life  cycle  and  (b) 
2nd  life  cycle;  (c)  dyeing  kinetic  curves  for  1st  life  cycle  and  2nd  life  cycle.  The  insets 
showed  the  contact  angle  measurements  of  water  drops  on  (a)  1st  life  cycle  and  (b) 
2nd  life  cycle. 


In  addition,  to  verify  the  effect  of  the  dye  adsorption  kinetics  on 
substrates,  we  measure  the  absorption  spectra  of  N719  solution  as 
a  function  of  Ti02  immersed  time.  We  inserted  the  substrate  1  and  2 
into  individual  N719  solution,  and  measure  the  decrease  of  absor¬ 
bance  of  N719  solution  in  specific  time  interval.  The  measurement 
apparatus  is  presented  schematically  in  Figure  S3  in  the  supple¬ 
mentary  data.  Fig.  4(a)  and  4(b)  shows  the  absorption  spectra 
change  of  N719  solution  inserted  with  substrate  1  and  substrate  2 
respectively.  Fig.  4(a)  shows  that  the  absorbance  of  N719  solution  is 
gradually  decreased  with  increased  dipping  time,  but  there  is 
a  significant  decrease  in  the  absorbance  for  the  substrate  2  as 
shown  in  Fig.  4(b).  Interestingly,  the  maximum  absorption  peak  is 
blue-shifted  in  Fig.  4(b)  that  can  be  attributed  to  the  deprotonation 
of  N719  [29].  To  clearly  observe  the  variance  of  dye  uptaking 
kinetics,  we  normalize  the  absorbance  decay  as  a  function  of  time 
for  the  solution  with  FTO/Ti02  in  the  cuvette  to  the  original 
absorption  intensity  of  the  MLCT  maximum  peak  in  Fig.  4(c).  It  is 
obvious  from  these  two  curves,  that  the  dyeing  kinetics  is  faster  for 
substrate  2  than  that  for  substrate  1.  This  phenomenon  is  consistent 
with  the  fact  that  the  more  hydrophilic  TiC^  surface  facilitates  the 
interaction  of  N719  dye  molecules  with  Ti02  after  desorption  of  dye 
in  NaOFI  solution  as  shown  in  the  contact  angle  images.  It  is  also 
noted  that  the  absorbance  reached  a  saturated  limit  for  substrate  2 
within  6  h.  Consequently,  this  fast  dye  uptaking  process  is  benefi¬ 
cial  in  the  application  of  industry  to  shorten  the  fabrication  time. 

3.4.  Effects  of  the  improved  Voc  under  multiple  life  cycles 

As  mentioned  in  the  previous  results,  the  improved  V0c  can  be 
observed  under  multiple  life  cycles.  There  are  some  mechanisms 
that  can  result  in  an  increased  of  V0c  such  as  the  suppression  of 
electron  back-transfer  [6,7]  or  upward  shift  of  the  Ti02  conduction 
band  [21,30,31]  relative  to  the  electrolyte  potential.  In  order  to 
figure  out  the  reasons  in  improved  V0c»  photovoltage  and  photo¬ 
current  transient  experiments  were  carried  out  for  the  samples  to 
elucidate  which  mechanisms  are  dominant.  Fig.  5(a)  shows  the 
capacitance  versus  various  V0c  for  LC1  and  LC2.  In  Fig.  5(a),  it  is 
shown  that  no  significant  differences  between  LC1  and  LC2.  These 
similar  curves  can  be  explained  as  no  changes  in  the  band  position 
in  Ti02  after  the  desorption  process.  Thus,  the  increased  V0c  is 
unlikely  to  be  ascribed  to  the  up-shift  of  Ti02  band  edge.  Fig.  5(b) 
presented  the  recombination  lifetime  versus  V0c  for  LC1  and  LC2.  It 
can  be  seen  that  the  recombination  lifetime  is  110  ms  for  LC2  which 
is  2  times  longer  than  that  for  LC1  (56  ms)  at  V0c  =  0-65  V.  It 
suggests  a  suppression  of  electron  back-transfer  from  TiCb  to  the 
electrolyte  [32].  This  extended  electron  lifetime  may  contribute  to 
the  improved  V0c  due  to  the  close-packed  coverage  of  dye  mole¬ 
cules  on  the  bare  Ti02  which  is  also  indicated  in  Fig.  3.  Therefore, 
we  believe  it  is  the  suppression  of  electron  back-transfer  dominated 
the  increased  V0c  under  multiple  life  cycles  rather  than  the  up-shift 
of  Ti02  band  edge.  The  electrochemical  impedance  spectrum  was 
performed  to  confirm  this  inference. 

The  charge-transfer  process  at  the  interface  can  be  evaluated 
using  electrochemical  impedance  spectra  [33].  Fig.  6  shows  the 
impedance  analysis  results  for  LC1  and  LC2  under  forward  bias  at 
darkness.  Three  semicircles  can  be  observed  in  the  measured 
frequency  range  between  10  m  and  100  kFIz;  they  are  assigned  to 
the  resistance  at  the  Pt/electrolyte  interface,  the  resistance  of 
electron  back-transfer  from  Ti02  to  the  electrolyte,  and  the  diffu¬ 
sion  resistance  of  n/Ff  in  the  electrolyte,  respectively  [34].  In  Fig.  6, 
the  diameter  of  the  middle-frequency  semicircle  of  LC2  is  larger 
than  that  for  LC1,  which  confirms  that  the  resistance  for  the  transfer 
of  electrons  from  the  Ti02  surface  to  the  electrolyte  was  higher  in 
LC1.  This  reduced  electron  back-transfer  kinetics  is  most  likely 
responsible  for  the  increase  in  V0o  It  is  likely  that  the  high  packing 
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Fig.  5.  (a)  Capacitance  and  (b)  recombination  lifetime  versus  VGc  for  1st  and  2nd  life  cycles. 
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Fig.  6.  The  electrochemical  impedance  analysis  results  (EIS)  for  (O)  1st  life  cycle  and 
(□)  2nd  life  cycle  under  forward  bias  in  darkness. 

density  of  N719  dye  molecular  on  LC2  may  lead  to  the  suppression 
of  recombination  between  Ti02/dye  and  electrolyte  interface.  Since 
Vqc  is  associated  with  the  difference  between  the  quasi  Fermi  level 
of  Ti02  and  the  redox  potential  of  the  electrolyte  [1  ],  the  higher  V0c 
could  be  interpreted  by  the  increased  electrons  concentrations  [31  ] 
of  the  LC2  resulted  in  the  quasi-Fermi  level  closer  to  the  conduction 
band. 

4.  Conclusion 

In  conclusion,  the  novel  concept  of  multiple  life  cycles  is 
proposed  in  this  study.  Our  results  show  that  DSC  substrate 
remained  durable  after  multiple  dye  uptake  and  desorption 
process.  Moreover,  the  dyeing  kinetics  is  faster  after  multiple  life 
cycles  which  is  favorable  in  the  industry.  With  surface  and  charge 
transport  characteristics,  we  also  figure  out  the  functionality  of 
Ti02/dye  interface  for  the  improved  l/oc.  The  suppression  of  back- 
electron  transfer  from  Ti02  to  the  electrolyte  due  to  the  higher 
coverage  of  dye  molecules  on  the  Ti02  surface  is  the  main  reason  for 
the  increase  in  V0o  This  research  demonstrates  the  feasibility  of  the 
extension  of  DSCs  lifetime  after  long-term  operation  in  the  appli¬ 
cation  of  large  DSC  modules.  The  proposed  method  reduces  the 
costs  for  recouping  DSCs  with  enhanced  performances.  This  prin¬ 
ciple  may  have  great  interests  if  we  like  to  replace  the  1  st  life  cycle 
DSC  with  new  photosensitizers  of  higher  conversion  efficiency  on 
the  original  TiC^/FTO  substrates. 
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